An improved theory for remote-charge-scattering-limited mobility in silicon inversion layers is developed. The model takes into account the effects of image charges, screening, inversion layer quantization, the contribution of different subbands, oxide thickness, the actual distribution of charged centers inside the structure, the actual distribution of carriers in the inversion layer, the correlation of charged centers, and the charged centers sign. The model is implemented in a Monte Carlo simulator, where the effects of the ionized impurities charge, the interface trapped charge, and the contribution of other scattering mechanisms are taken into account simultaneously. Our results show that remote Coulomb scattering cannot be neglected for oxide thicknesses below 2 nm, but that its effects for t ox Ͼ5 nm are negligible. The use of very thin oxides could lead to an important degradation of capacitance versus the gate voltage characteristics of the MOS structure if the polycrystalline silicon gate ͑polysilicon or polygate for short͒ is not doped enough, as a consequence of the depletion of the polysilicon near the oxide interface.
The use of very thin oxides could lead to an important degradation of capacitance versus the gate voltage characteristics of the MOS structure if the polycrystalline silicon gate ͑polysilicon or polygate for short͒ is not doped enough, as a consequence of the depletion of the polysilicon near the oxide interface. 1 This polydepletion effect creates a reduced inversion charge density in the channel and finally an important degradation of the metal-oxide-semiconductor field effect transistor transconductance. 1 To avoid these drawbacks, the use of high polysilicon doping concentrations is required. On the other hand, the combination of a very small oxide thickness and a high polysilicon doping concentration could result, at least a priori, in an important remote Coulomb scattering ͑RCS͒ of channel electrons and a substantial degree of mobility degradation. [2] [3] [4] [5] However, the actual effect of RCS is not clear theoretically or experimentally, and more research work is needed. 4 In fact, there exists in the literature some controversy about the actual effect of RCS. Krishnan et al. concluded, first theoretically, and then experimentally, 2 that RCS strongly affects electron mobility, which decreases to half the level of the universal mobility curve. 6 On the other hand, Yang et al. 3 claimed that RCS has little effect on electron mobility, which has almost the same value regardless of the oxide thickness and the polysilicon doping concentration. The experimental results of Takagi et al. 4 ͑ob-tained with an improved procedure which takes into account the gate current through very thin oxides͒, and the calculations of Saito et al., 5 are found between these two extremes. The latter results show that the effect of RCS on electron mobility, although of some significance, is not so important as Krishnan's results suggested. 2 In this work, we have developed a RCS model in which the contribution of different subbands is taken into account in order to evaluate electron mobility by using a one-electron Monte Carlo simulator. In addition, the model includes the effects of image charges, screening, inversion layer quantization, the contribution of different subbands, oxide thickness, the actual distribution of charged centers inside the structure ͑polycharges, interface and oxide trapped charges, and silicon bulk impurities͒, the actual distribution of carriers in the inversion layer, and the correlation of charged centers and the charged centers sign. 7, 8 In the Monte Carlo simulation, the contribution of other scattering mechanisms ͑pho-non scattering, surface roughness scattering, and Coulomb scattering due to ionized bulk doping impurities and interface charges͒ is simultaneously taken into account. Previously, the one-dimensional Schroedinger and Poisson equations are selfconsistently solved in the whole structure, and the charge in the polysilicon carefully evaluated; thus we take into account the actual distribution of the charge in the polysilicon gate, instead of using the depletion approximation to evaluate the RCS rate.
To obtain an expression for the RCS rate we have considered the structure illustrated in Fig. 1 . A Coulomb scattering model for ultrathin silicon-on-insulator inversion layers was obtained very recently. 9 To develop this model, we assumed a structure which consisted of a silicon layer sandwiched between two oxide layers. in this work is fairly similar to the one used in developing the silicon on insulator model, except that the roles of silicon and oxide are exchanged. We have thus followed a similar procedure to that used in Ref. 9 . We take as our starting point the Poisson equation 7, 10 ٌ͓⑀͑z ٌ͒V͑ r,z ͔͒ϭ2⑀
where ext is the external charge density responsible for the Coulomb scattering, V the perturbation of the electrostatic potential due to this charge, r the coordinate parallel to the interface, and z is the coordinate perpendicular to it. ⑀(z) is the overall position-dependent permittivity and ⑀ Si is the permittivity of silicon. The first term of the right-hand member of Eq. ͑1͒ is the induced charge responsible for the screening. 
F Ј being the total external charge responsible for Coulomb
where ssi (Q) (iϭ1,2) is the Fourier transform of the charge density at the polysilicon-oxide interface and the oxidesilicon interface. In expression ͑2͒, G Q (z,z 1 ) are the Green's functions given by expressions ͑5-10͒ of Ref. 9, but replacing ⑀ ins1 by ⑀ poly , ⑀ sc by ⑀ ox , and ⑀ ins2 by ⑀ Si . Note that in the case ⑀ ox ϭ⑀ poly , and setting the origin at the oxidesilicon interface, the Green's functions are reduced to Expression ͑11͒ of Ref. 7, corresponding to the previous scattering model with very thick oxide layers.
The Coulomb scattering rate for an electron in the ith subband ͑assuming that Coulomb scattering mainly assists instrasubband transitions͒ is finally given by Refs. 7 and 8:
͑4͒
q t is the charge of a charged center in the tth sublayer.
To evaluate expression ͑4͒ with the extended model developed in this work, the matrix elements, defined as
have to be evaluated with (Q,z,zЈ) calculated according to the following expression:
͑8͒
but using instead the Green's functions defined earlier.
In expression ͑4͒ N t is the charge density per unit area in the tth sublayer, J 1 the first-order Bessel function and C t ϭR 0 N t a parameter which is a measure of the degree of space correlation of charges in the tth sublayer. C t represents the ratio of the minimum area R 0 2 to the average area N t Ϫ1 occupied by a charge particle. 11 The second term of the righthand side of expression ͑4͒ represents the space correlation of charges in different sublayers separated by a distance d ϭ͉z t Ϫz u ͉, where N eff ϭͱN t N u , R 0 ЈϭͱR 0 2 Ϫd 2 and CЈ is a constant which determines the interaction between the two distributions and is given by CЈϭR 0 ЈN eff . If the two sublayers are separated by a distance greater than R 0 there is no mutual influence between the charges of the two sublayers. The second term in the right-hand member of expression ͑4͒ represents the correction to the scattering rate due to the mutual interaction between the sublayers into which we have divided the charge distributions responsible for Coulomb scattering. The sign of the correction depends on the relative sign of the charges of each sublayer, i.e., if charges in both sublayers have the same sign, the correction is negative and the scattering rate is lower; however, if the charges have different signs, the correction is positive and the scattering rate is higher. This fact is quite important in the system we are considering, since the charge in the poly is the opposite sign to that in the charge in the silicon substrate, which could now be coupled due to the small thickness of the gate oxide. The sums are extended to all the charges in the structure, i.e., charges in the polygate, in the oxide, and in the silicon substrate, that is to say, the model allows us to simultaneously take into account all the charges centers in a MOS structure. The actual distribution of the charges is also considered by taking into account very thin two-dimensional sublayers.
We have employed the earlier model to study the effect of the polydepletion charge and oxide thickness on electron mobility. The depletion charge distribution in the polygate has been calculated by solving the Poisson equation. Thus, the actual distribution of the charge in the poly is taken into account, for each value of the gate voltage, and each value of N DϪpoly . The particular value of the polydepletion layer thickness depends on the polydoping concentration and on the voltage applied to the gate. We have observed that for the same value of the inversion charge concentration ͑i.e., the same value of charge in the polydepletion layer͒ the lower N DϪpoly , the wider the thickness of the depletion layer, and the lower the effect of RCS, i.e., the higher the electron mobility. The influence of other scattering mechanisms, doping impurities, and interface trapped charges has also been analyzed. The first factor we have checked is that when the RCS contribution is ignored, mobility curves do not depend on the oxide thickness. However, the situation is different when RCS is considered. Fig. 2 shows electron mobility curves versus the transverse effective field for different values of oxide thickness taking into account RCS. The polydoping concentration was fixed at N DϪpoly ϭ1ϫ10 20 cm Ϫ3 , while the substrate doping was assumed to be N A-Si ϭ5 ϫ10 17 cm Ϫ3 . Surface roughness parameters were assumed to be Lϭ1.5 nm and ⌬ϭ0.185 nm. Coulomb scattering due to substrate ionized impurities and to the interface traps ͑con-sidered to be present at a concentration of N it ϭ5 ϫ10 10 cm Ϫ2 ) has been added. The first fact to observe is that, as expected, the mobility curve for t ox ϭ10 nm ͑downward-pointing triangles͒ coincides with mobility curves when no RCS is taken into account. However, as the oxide thickness is reduced the effect of the RCS becomes more and more important ͑reaching 30% for t ox ϭ1 nm), mainly as expected, at low transverse effective fields even for high concentrations of silicon bulk impurities.
We have compared our results to those available in the literature. Figure 3 shows the dependence of the RCS-limited mobility on gate oxide thickness for a N DϪpoly ϭ5 ϫ10
19 cm Ϫ3 . The model provides a better agreement with experimental results than do previous models.
In summary, we have developed a RCS model which has been used in a Monte Carlo simulator to evaluate electron mobility as a function of oxide thickness. Our results show that the RCS cannot be neglected for oxide thicknesses below 2 nm, but that its effects for t ox Ͼ5 nm are negligible. Our results compare much better with experimental results than do previous models. 
